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Abstract — ࡰ࢏/ࢊ࢚  has previously been proposed as a 
temperature indicator for Si and SiC devices, however, the 
evaluation of its viability for GaN devices is challenging as 
known current sensors introduce significant unwanted parasitic 
inductance. This work presents a figure-of-eight magnetic field 
sensor (∞ -sensor) that permits, for the first time, high-
bandwidth floating current sensing, with negligible insertion 
impedance and influence on switching performance, in high-
speed GaN and SiC switching circuits. The pair of coils are 
connected in a way that the measurement is immune to currents 
outside of the sensing region. The simulated bandwidth of the 
sensor, taking into account the loading by the probe connected 
to its output, is 225 MHz. The insertion inductance is 0.2 nH, and 
the insertion resistance is 4.2 mΩ at 100 MHz. This sensor is 
used to investigate the temperature dependency of turn-on di/dt 
in a 650 V, 52 mΩ GaN device. It is found that both average and 
peak turn-on di/dt decrease with temperature. Peak di/dt 
appears to be the preferred temperature indicator due to its high 
sensitivity and linearity. 
Keywords — Current sensing, Gallium nitride (GaN), Silicon 
carbide (SiC), Low insertion impedance, High bandwidth, Di/dt, 
Temperature. 
I. INTRODUCTION 
	ܦ݅/݀ݐ  has been proposed as a temperature sensitive 
electrical parameter (TSEP) for silicon (Si) and silicon 
carbide (SiC) power devices [1]-[2]. For gallium nitride 
(GaN) devices, however, this potential temperature indicator 
has so far either not been investigated [3]-[5], or been 
considered unsuitable for temperature monitoring [6]. One of 
the barriers is the challenge of current sensing in GaN: First, 
high bandwidth is required as current transients exceed 
10 A/ns [7]. Second, GaN switching waveforms are highly 
sensitive to parasitics, and therefore the insertion inductance 
of the current sensor must be extremely low (sub-nH) so as to 
preserve typical switching waveforms [8]-[9]. Third, due to 
the extreme rates of change of current and voltage, noise 
immunity is a significant concern [10]. 
Various methods for measuring the current of wide 
bandgap (WBG) devices are compared in Table I. The current 
probe and current transformer used for Si and SiC 
measurement are too bulky for GaN in-circuit measurement, 
introducing excessive parasitic inductance [11]-[12]. The 
coaxial shunt from T&M Research so far has the highest 
bandwidth [13], however, it does not provide galvanic 
isolation and its insertion inductance of around 2 nH is large 
enough to significantly influence switching, for example [14] 
estimates a 67% increase in the power loop inductance of its 
300-V GaN converter due to the use of this current shunt. Ten 
0201 1-Ω resistors are paralleled to make a small current 
shunt in [15], however the measurement range is limited by 
its thermal dissipation [16], and the measurement accuracy is 
influenced by the frequency- and temperature-dependent 
resistance. Planar Rogowski coils in [17] and [18] allow 
galvanic isolation and continuous operation, and bandwidths 
of 170 MHz have been demonstrated. However, as they are 
embedded in the circuit board rather than standing alone as a 
discrete component, significant modifications to the circuit 
layout must be made, for example to the ground plane which 
leads to increased loop inductance. 
This paper proposes a 225 MHz floating current sensor 
that requires only minor changes to the circuit layout in GaN 
converters. Its figure-of-eight shape and high-bandwidth lend 
it its name “∞-sensor”, and it is based on a compensation 
concept described in [19] and [20], which is similar to how 
Rogowski coils work. Uniquely though, the ∞ -sensor has 
been shown to provide accurate measurements without any 
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TABLE II.  STATE-OF-THE-ART CURRENT MEASUREMENT METHODS.
Current sensing device Bandwidth 
Insertion 
resistance in 










Split core current probe 
TCP0030A [11] ≥120 MHz 
0.85 Ω at 
120 MHz > 10 nH SiC Yes No 
Current transformer 
Pearson 2877 [12] 200 MHz 0.02 Ω  N/A SiC Yes No 
Coaxial shunt 
SDN-414-10 [13] 2 GHz 0.1 Ω  2 nH GaN/SiC No No 
Virginia Tech SMD shunt [15] N/A 0.1 Ω N/A GaN No Yes 
Cambridge SMD shunt [16] 100 MHz 100 mV at full current 0.3 nH GaN No Yes 
Planar Rogowski coil [17] 100 MHz N/A N/A SiC Yes Yes 
Current sensor based on magnetic 
coupling [18]  170 MHz N/A N/A GaN Yes Yes 
∞-sensor (this work) 225 MHz 0.0042 Ω 0.2 nH GaN/SiC Yes Yes 
modification to the ground plane to the first inner PCB layer 
which carries the return current of a GaN power loop. As a 
result, insertion inductances of 0.2 nH or lower are possible, 
leading to current measurement being almost non-invasive. In 
this paper, the ∞-sensor’s bandwidth and noise immunity are 
investigated, and the sensor is applied to a temperature-
controlled bridge-leg converter consisting of 650 V, 52 mΩ 
GaN devices, in order to explore the sensor’s viability for 
temperature sensing in GaN devices. 
This paper is organised as follows: Section II presents the 
design of the ∞-sensor, including the concept, dimensions, 
and usage. Section III analyses and tests the performance of 
the sensor. Section IV demonstrates this sensor in a 400-V 
GaN converter, and investigates the temperature dependency 
of ݀݅/݀ݐ of the GaN device. Section V draws conclusions. 
II. DESIGN OF THE ∞-SENSOR  
A. Current sensing concept 
The proposed ∞-sensor is illustrated in Fig. 1. The design 
concept is similar to a planar subset of a Rogowski coil, where 
the remaining coils have been moved laterally towards the 
conductor. A length of conductor carrying the current ݅௠ to 
be measured is shown. The sensor consists of one planar coil 
on each side of the conductor, and sits right above the 
conductor to be measured. When the current flowing through 
the conductor changes, the consequent change in the magnetic 
field induces a voltage in the two planar coils. These two coils 
are connected in series so that the current in the trace directly 
under the middle of the sensor generates two signal 
components of the same polarity, thus providing a voltage 
signal ݒ௢௨௧  that is proportional to the change rate of the 
current, ݀݅/݀ݐ. ݒ௢௨௧ can be expressed as: 
 ݒ௢௨௧ ൌ ܯ
݀݅௠
݀ݐ  (1) 
where the sensor gain M is the mutual inductance between the 
∞-sensor and the current loop which the current-carrying 
conductor is part of, and depends on the area of the coils and 
the relative position of the sensor coils and the conductor. The 
current to be measured ݅௠ can thereby be derived as: 
 ݅௠ ൌ ܫ଴ ൅ න
ݒ௢௨௧
ܯ ݀ݐ (2) 
where ܫ଴ is the intial value of the current. 
 
Fig. 1. Design concept of the ∞-sensor. 
B. Dimensions  
Both measurement gain and insertion impedance increase 
with the size of the coils. The sensor should be made only 
large enough to provide sufficient measurement gain, whilst 
being kept as small as practically possible to minimise 
insertion impedance. For fast-switching WBG devices with 
high ݀݅/݀ݐ, a balanced design can be found, as even small 
designs provide a reliably measurable output amplitude. For 
example, assuming that the current to be measured has a 
maximum rate of change of 10 A/ns, the sensor would 
generate an output voltage of around 1 V, if the sensor gain 
M is of the order of 0.1 V per A/ns.  
The ∞-sensor adopted here and shown in Fig. 2 uses two 
symmetrical 1.5 mm × 2 mm coils and a 3-mm gap in 
between the coils. It is dimensioned specifically for GaN fast-
switching devices. The coils are insulated using transparent 
high-temperature epoxy, onto which surface-mount pads are 
deposited for ease of assembly. The sensor is placed over a 
short piece of PCB trace between two components in order to 
measure the current in this section of trace. These sensor 
dimensions are suited to a track width of 3-6mm. The work 
presented in this paper uses a 70 µm thick, 3 mm wide and 
4 mm long copper trace, which carries up to 20 A of current.  
 
Fig. 2. Top and bottom view of an ∞-sensor. 
C. Application in a GaN power converter 
To use the ∞ -sensor for measuring transient drain or 
source current of GaN devices in a bridge-leg converter, the 
current return plane (typically a ground plane on the first 
inner layer of a PCB) can be left intact as shown in Fig. 1, 
however components at either end of the trace to be measured 
need to be spaced out by 3.5 mm to permit the insertion of the 
sensor. The sensor is placed perpendicular to this trace, with 
the coils downwards and overlapping the trace on each side. 
The vertical distance of the coils to the trace is typically the 
thickness of the solder resist on the PCB, plus the epoxy 
insulation of the sensor (40 µm). No other current traces 
should be placed inside the footprint of the sensor. The output 
pads of the sensor on the top side can be connected to the 
oscilloscope either using a U.FL connector [21] and a coaxial 
cable or a twisted pair of wires through a probe. The measured 
current ݅௠ can be calculated from the measured signal ݒ௢௨௧ 
using eqn. (2). In practice, the difference in the steady-state 
values of the current Δܫ  before and after the transient are 
typically known (e.g. the load current), which can be used to 
calibrate the sensor in situ. The sensor gain M is then Δܫ 
divided by the sensor output signal integrated over the time 
period of the transient, 
 ܯ ൌ Δܫ׬ ݒ௢௨௧ ݀ݐ		. (3) 
 
III. CHARACTERISATION OF THE ∞-SENSOR 
A. ∞-sensor versus a shunt resistor 
The simple GaN switching circuit of Fig. 3(a) is used to 
create a high-speed current pulse ݅௠  to evaluate the 
∞ -sensor. The sensor is connected in series with a 1 Ω 
current shunt resistor for direct comparison. The width of the 
current carrying trace is 3 mm, as labelled in Fig. 3(b). 
The ∞-sensor is first placed above the trace with the trace 
symmetrically aligned between the two coils. The output of 
the sensor is connected directly through a U.FL connector and 
a 50 Ω coaxial cable to a Rhode & Schwarz RTO1024 2-GHz 
10-GSa/s oscilloscope. The input impedance of this 
oscilloscope channel is selected to be 50 Ω to prevent ringing 
from impedance mismatch and wave reflections. This 
provides a 1:1 measurement with a relatively high signal-to-
noise ratio. The voltage ݒ௦௛௨௡௧  across the shunt resistor is 
measured directly via a 500 MHz Rhode & Schwarz RT-
ZP10 passive voltage probe. 
 
(a) Schematic diagram. 
 
(b) Photo of the test board. 
Fig. 3. A simple GaN test circuit for sensor characterisation. 
 
The sensor output voltage ݒ௦௘௡௦௢௥ , the sensor current 
measurement ݅௦௘௡௦௢௥  obtained by eqn. (2), and the shunt 
current measurement ݅௦௛௨௡௧, are shown in Fig. 4. It is apparent 
that the sensor measurement agrees well with that of the shunt 
resistor. The sensor gain M from eqn. (3) in this case is 
105 mV per A/ns, and will be used as a baseline for the 
following evaluation. The test circuit achieves a peak ݀݅/݀ݐ  
of 5.6 A/ns, due to the limiting parasitic inductance of the 
series connected components of Fig. 3(a). 
 
Fig. 4. Current measurement using series-connected shunt resistor and 
∞-sensor. 
B. Immunity to nearby currents 
The immunity of the ∞ -sensor to the currents in the 
vicinity is high for two reasons: First, currents with lower 
݀݅/݀ݐ than that of the WBG devices result in proportionally 
lower sensor output voltage, according to eqn. (1). The WBG 
devices usually have a peak ݀݅/݀ݐ  of at least an order of 
magnitude higher than that of other currents on the circuit 
board. With its two turns and small surface area, the ∞-sensor 
has an innate immunity to adjacent currents with low rates of 
change. Second, the signals induced in each of the two series-
connected turns partially cancel for current traces that lie 
outside of the sensor footprint, thus providing negligible total 
coupling, i.e., sensor gain M. The sensor’s immunity to 
nearby currents can be analysed as follows:  
Any currents flowing through traces, vias and pads on the 
circuit board can be decomposed into three components in the 
x-, y-, and z-directions respectively. First, as illustrated in Fig. 
5, currents in the z-direction generate a magnetic field that is 
parallel to the sensor coils, resulting in zero coupling and thus 
no measurement output. Second, currents in the y-direction 
lying outside of the sensor footprint induce signals of opposite 
polarity in the two coils that cancel each other out, thus 
providing virtually no sensor output.  
 
Fig. 5. Magnetic coupling between the sensor and the currents in the x-, y-, 
and z-directions. 
The sensor’s immunity to currents in the y-direction is 
measured and plotted in Fig. 6. The distance ݀ݔ  is that 
between the centre of the current trace and the closer edge of 
the sensor as illustrated in Fig. 5. This distance is swept from 
0 to 8 mm. The measured sensor gain is shown to lie below 
8.6 mV per A/ns. Noting that this equates to 8.2% of the 
105 mV per A/ns output signal obtained from the correctly 
positioned measurement trace, and that it decreases with 
distance. This constitutes an acceptable immunity for many 
applications. For example, a current in y-direction that is 
5 mm from the sensor provides an output that is less than 2% 
of the amplitude of a correctly aligned current in the x-
direction.  
 
Fig. 6. Sensor gain M for a current in the y-direction against the distance dx 
of the current trace to the closer edge of the sensor. 
Finally, the sensitivity to currents in the x-direction 
depends on the distance from the centre of the sensor,	݀ݕ. 
This sensitivity is measured in a similar manner by sweeping 
the y-position ݀ݕ of the sensor from 0 to 8 mm, and plotted 
in Fig. 7. Position ݀ݕ = 0 corresponds to the perfectly aligned 
position of Fig. 5, also seen in Fig. 3(b). From ݀ݕ = 6.5 mm 
onwards, the current lies outside of the sensor footprint and 
the coupling ܯ is virtually zero (below 6.19 mV per A/ns). 
 
 
Fig. 7. Sensor gain M for a current in x-direction against y-position ݀ݕ of 
sensor. 
 
C. Sensitivity to position 
In Fig. 7, the sensor gain M is seen to be approximately 
constant for the first 1.2 mm at either side of the perfectly 
aligned position, indicating that the sensor is relatively 
immune to small misalignments due to component placement 
tolerances. In this range, M varies by only 8.3%, and the 
sensor is insensitive to x-direction misalignment as long as 
the current distribution in this direction is even. A z-direction 
offset would reduce the measurement coefficient 
significantly. On the one hand, this may require sensor 
calibration on the board, as described in the previous section. 
On the other hand, it makes the sensor increasingly immune 
to currents on lower layers of the same board. 
D. Insertion impedance, bandwidth, and galvanic isolation 
To evaluate its performance in a practical fast-switching 
GaN circuit, the ∞-sensor is used to measure the drain current 
of the high-side 650 V GaN device in a bridge-leg converter 
as shown in Fig. 8(a). Each GaN device GS66508P is driven 
by a custom active gate driver [22] for fast switching speed 
with minimum oscillation. 
Fig. 9 shows the PCB layout of the power conducting loop 
of the GaN bridge-leg test board in Fig. 8(b). As indicated by 
the white arrows, a 3 mm × 4 mm current-carrying trace is 
created on the top layer to accommodate the sensor. The first 
inner layer shown in green is an uninterrupted plane in which 
the current returns to the negative rail of the input capacitors. 
The distance between the trace and this plane is 127 µm. 
The simulated parasitic power loop inductance and 
resistance at 100 MHz, with and without the current-carrying 
trace and the ∞ -sensor, are compared in Table II. The 
additional trace is seen to increase the loop inductance by 
0.2 nH and the loop resistance by 4.2 mΩ at frequencies of 
interest. These increases lie within 10% of the values without 
the additional trace. 
The output of the sensor is connected to the Rhode & 
Schwarz RTO1024 2-GHz 10-GSa/s oscilloscope through a 
500 MHz Rhode & Schwarz RT-ZP10 passive voltage probe. 
The bandwidth of the sensor is simulated in ADS (Agilent 
2012) to be 225 MHz, taking into account the loading by the 
probe. The output inductor current is measured by a 100 MHz 
Keysight N2783B current probe, in order to provide the Δܫ to 
calibrate the sensor according to eqn. (3).  
 
(a) Schematic diagram. 
 
(b) Photo of the test board. 
Fig. 8. A 400 V GaN bridge-leg circuit using the ∞-sensor at the high side. 
 
Fig. 9. PCB layout of power conducting loop. Red: top layer; green: the first 
inner layer. 
TABLE II.  SIMULATED POWER LOOP IMPEDANCE AT 100 MHZ WITH 
AND WITHOUT THE CURRENT-CARRYING TRACE AND THE ∞-SENSOR. 




sensor 2.6 nH 42.0 mΩ 
without ∞- 
sensor 2.4 nH 37.8 mΩ 
 
Fig. 10 shows the measured sensor output voltage ݒௌ௘௡௦௢௥  
and drain current ݅஽ at both turn-on and turn-off transients. 
The drain current is obtained according to eqn. (2), where the 
measurement coefficient is 125 mV per A/ns. It is different 
from the one in Sec. III. A, as the current-carrying traces and 
loops in these two test circuits differ. It is also demonstrated 
that the ∞-sensor can provide galvanic isolation and measure 





Fig. 10. Measured sensor output voltage and high-side GaN FET transient 
drain current at both turn-on and turn-off. 
IV. TEMPERATURE DEPENDENCY OF GAN TURN-ON DI/DT 
The 400 V GaN bridge-leg test circuit in Fig. 11 is used 
to investigate the temperature dependency of GaN turn-on 
݀݅/݀ݐ, where the ∞-sensor measures the source current ݅௦ of 
the low-side device. Each of the top-cooled GaN devices 
GS66508T is driven by an isolated gate driver Si8271GB-IS. 
The temperature of the GaN devices is set using a heater 
attached directly to the thermal pad of the GaN devices. The 
heater is controlled using an Inkbird ITC-100RL PID 
controller, with input from a thermocouple at the interface of 
the heater and the power devices. The temperature of the 
devices is additionally monitored by a FLIR E30 thermal 
camera. A double pulse test is taken at each temperature point 
after the device reaches thermal equilibrium. The output of 
the current sensor is connected through a U.FL connector and 
a 50 Ω coaxial cable to the oscilloscope. The output inductor 
current is measured by the Keysight N2783B current probe to 
provide the load current required for sensor calibration. 
Fig. 12 shows the measured current sensor output voltage 
ݒ௦௘௡௦௢௥  and the inferred turn-on source current ݅௦ , at 10 A 
output current, for device case temperatures ranging from 
30°C to 150°C. The source current is inferred by eqn. (2), 
using a sensor gain of 105 mV per A/ns. The peak sensor 
output voltage and the rate of change of the current are lower 
than that in Fig. 10(a) at room temperature, and the current 
has greater current overshoot and oscillation. 
 It should be noted that this is because Fig. 10 uses active 
gate driving to shape the switching transient to obtain a fast 
switching speed with little current oscillation [22], whereas 
the work in this section uses non-active driving where 
switching speeds are slower and oscillation typically greater. 
The rate of change of the current is seen to decrease with the 
device temperature. Notably, the peak sensor output voltage 
that corresponds to the peak ݀݅/݀ݐ also decreases with the 
device temperature. 
 
(a)  Schematic diagram. 
 
(b) Bottom view of the test board with the GaN devices and the ∞-sensor. 
 
(c) Side view of the test setup for varying the GaN devices temperature. 
Fig. 11. 400 V GaN test circuit for evaluating the temperature dependency 
of turn-on di/dt. 
 
Fig. 12. Turn-on source current and the corresponding sensor output voltage 
against device temperature at 10 A output current.  
 
Fig. 13 shows measured average ݀݅/݀ݐ between 10% and 
90% rated current against the device temperature at different 
output currents. This parameter or its time equivalent of 
current rise time has been proposed as a temperature indicator 
for Si and SiC devices [1]-[2]. For the GaN device used here, 
the linear dependency on temperature at lower temperatures 
and lower currents decreases is seen to disappear. 
 
Fig. 13. Average 	݀݅/݀ݐ against temperature at different output currents. 
 
Fig. 14 shows the peak sensor output voltage ݒ௦௘௡௦௢௥_௣௘௔௞, 
corresponding to peak ݀݅/݀ݐ, for the same measurements of 
Fig. 13. In contrast to Fig. 13, however, the peak ݀݅/݀ݐ shows 
a roughly linear dependency on temperature across the entire 
current and temperature range. As illustrated in Fig. 15, its 
temperature sensitivity shows little variation with the load 
current. Peak ݀݅/݀ݐ is therefore an interesting candidate for 
junction temperature sensing in GaN FETs. The ∞-sensor 
enables the reliable detection of this temperature indicator 
(TSEP) by using a peak-detect circuit. 
 
Fig. 14. Peak sensor output voltage against temperature at different output 
currents. 
 
Fig. 15. Temperature sensitivity of peak sensor output voltage against 
converter output current. 
A potential limitation of this method may be if the circuit 
displays significant current oscillation, in which case a peak 
݀݅/݀ݐ  during the current rise may be overshadowed by 
second non-temperature-dependent peak due to circuit 
resonance. The ݒ௦௘௡௦௢௥  waveform at 30°C in Fig. 12 shows 
the onset of this situation. This second peak could be 
mitigated without reducing the switching speed by waveform 
shaping via an active gate driver. In contrast, the waveforms 
of Fig. 10 show only one peak, and have been obtained with 
an active driver that cancels out current oscillation. Another 
potential limitation of using ݀݅/݀ݐ as a temperature indicator 
is that it is a function of the gate threshold voltage, which in 
some GaN FETs has been reported to change with time when 
the gate is subjected to voltage stresses [23]. 
V. CONCLUSIONS  
A figure-of-eight magnetic field sensor (∞-sensor) for 
measuring the transient current of WBG devices is presented 
in this paper. It fulfils the requirements on transient current 
sensing techniques for wide-bandgap power devices: compact 
size, high bandwidth, low insertion impedance, intrinsic noise 
immunity and galvanic isolation. The design concept is 
validated by a side-by-side comparison with a current shunt, 
an immunity and a sensitivity study, and by a demonstration 
of floating measurement in a practical 400 V GaN bridge-leg 
converter. Here, the ∞-sensor achieves a 225 MHz bandwidth 
and incurs only a 0.2 nH increase in the power loop 
inductance, as a result of adding a 3 mm gap for the sensor, 
either between DC-link capacitors and the high-side GaN 
FET, or the low-side GaN FET and the vias down to the 
current-return plane. In either case, the current-return (ground) 
plane remains uninterrupted, and is the first inner layer, with a 
127 µm dielectric between this plane and the trace that carries 
the current being measured. The sensor is then used to 
investigate the temperature dependency of turn-on ݀݅/݀ݐ in a 
GaN bridge-leg converter. It is demonstrated that both average 
and peak ݀݅/݀ݐ decrease with increasing device temperature. 
The ∞-sensor concept could also be embedded into the circuit 
board if appropriate. The 10 × 3 mm ∞-sensor used in this 
paper could be used for wider tracks up to 6 mm, or 
miniaturised to further reduce the insertion impedance.  
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